Ϫ / 1HCO 3 Ϫ exchange suggests a required revision of classical concepts of electroneutral Cl Ϫ transport across epithelia such as the intestine. We investigated 1) the effect of endogenous Dra Cl Ϫ /HCO 3 Ϫ activity on apical membrane potential (V a) of the cecal surface epithelium using wild-type (WT) and knockout (KO) mice; and 2) the electrical properties of Cl Ϫ /(OH Ϫ )HCO 3 Ϫ exchange by mouse and human orthologs of Dra expressed in Xenopus oocytes. Ex vivo 36 Cl Ϫ fluxes and microfluorometry revealed that cecal Cl Ϫ /HCO 3 Ϫ exchange was abolished in the Dra KO without concordant changes in short-circuit current. In microelectrode studies, baseline V a of Dra KO surface epithelium was slightly hyperpolarized relative to WT but depolarized to the same extent as WT during luminal Cl Ϫ substitution. Subsequent studies indicated that Cl Ϫ -dependent Va depolarization requires the anion channel Cftr. Oocyte studies demonstrated that Dra-mediated exchange of intracellular Cl Ϫ for extracellular HCO 3 Ϫ is accompanied by slow hyperpolarization and a modest outward current, but that the steady-state current-voltage relationship is unaffected by Cl Ϫ removal or pharmacological blockade. Further, Dra-dependent 36 Cl Ϫ efflux was voltage-insensitive in oocytes coexpressing the cation channels ENaC or ROMK. We conclude that 1) endogenous Dra and recombinant human/mouse Dra orthologs do not exhibit electrogenic 2Cl Ϫ / 1HCO 3 Ϫ exchange; and 2) acute induction of Dra Cl Ϫ /HCO 3 Ϫ exchange is associated with secondary membrane potential changes representing homeostatic responses. Thus, participation of Dra in coupled NaCl absorption and in uncoupled HCO 3 Ϫ secretion remains compatible with electroneutrality of these processes, and with the utility of electroneutral transport models for predicting epithelial responses in health and disease. anion exchange; bicarbonate secretion; cystic fibrosis transmembrane conductance regulator; mouse; NaCl absorption TWO MEMBERS OF THE Slc26 family of multifunctional anion exchangers provide apical membrane Cl Ϫ /HCO 3 Ϫ exchange function in most alimentary epithelia and therefore play critical roles in the processes of Cl Ϫ absorption and HCO 3 Ϫ secretion. Slc26a3 (downregulated in adenoma, Dra) is expressed abundantly in segments of the intestine (1, 25) . Slc26a6 (putative anion transporter-1, Pat-1) is expressed primarily in the small intestine where it contributes to fluid absorption and epithelial pH regulation, especially during nutrient transport. Dra, together with the Na ϩ /H ϩ exchanger Nhe3, provides the classical function of coupled NaCl absorption (26, 43) . Coupled NaCl absorption is considered an electroneutral process based on isotopic flux studies showing high rates of transepithelial ion transfer unassociated with analogous changes in transepithelial potential or short-circuit current (I sc ) (29) . The cationanion coupling is thought to be intracellular pH (pH i )-dependent (13, 41) , a hypothesis supported by studies of knockout (KO) mice and of recombinant proteins (10, 18) . Genetic ablation of Dra in murine villous epithelium results in an alkaline pH i , and knockout of Nhe3 results in an acidic pH i , but pharmacological inhibition of either transporter when expressed with the other does not affect pH i (43) . The importance of Dra in intestinal NaCl absorption is emphasized by loss-offunction mutations that cause the human disease congenital Cl Ϫ losing diarrhea, a disorder that is recapitulated in Dra KO mice (10, 20, 25, 31) . Inflammatory and enteropathic diarrhea in humans and rodents, especially those associated with microvillar effacement pathology, decrease Dra expression (3, 4, 17, 49) , whereas mucosal exposure to certain probiotic species upregulates Dra expression (30) . In the duodenum, "uncoupled" Cl Ϫ /HCO 3 Ϫ activity of Dra contributes to the alkaline mucus barrier against gastric acid effluent by providing most basal HCO 3 Ϫ secretion and a portion of cAMP-stimulated HCO 3 Ϫ secretion (42) . Investigations into the transport stoichiometry and electrical properties of Dra and Pat-1 have yielded discrepant findings, especially with regard to functional expression studies of Dra. Several factors likely contribute to the difficulties in interpretation. Slc26 polypeptides are not exclusively anion exchangers, as overexpression of Slc26a9 and Slc26a7 increases anion conductance (27) as well as, in some studies, Cl Ϫ /HCO 3 Ϫ exchange (2, 47, 48) . Electrophysiological studies of overexpressed Dra and Pat-1 demonstrate uncoupled conductance of SCN Ϫ and NO 3 Ϫ , which raises questions about possible concurrent conductive Cl Ϫ movement during exchange activity (27) . However, Cl Ϫ conductive activity has yet to be detected by single-channel recordings of these transporters. Pat-1 and Dra also have regulatory properties as demonstrated by alterations in Cftr anion channel activity through interaction of the Slc26 transporters' STAS domain with Cftr's R domain (23) . Multiple studies concur that mouse Pat-1-mediated Cl Ϫ /oxalate 2Ϫ exchange is electrogenic (9, 19, 22, 46 (22) . However, depolarization was reduced nearly to background levels by inclusion of CO 2 /HCO 3 Ϫ in the superfusate (22, 32) , a condition which minimally changed concomitant currents measured at ϩ60 mV while increasing Cl Ϫ /base exchange activity. In subsequent investigations using ion-selective microelectrodes, murine Dra exhibited an electrogenic 2Cl Ϫ /1HCO 3 Ϫ exchange stoichiometry based on the ratio of Cl Ϫ and HCO 3 Ϫ transport rates (32) . From this and earlier studies (22, 23) , it was proposed that the electroneutral Cl Ϫ /HCO 3 Ϫ exchange activity observed in past transepithelial flux measurements reflected simultaneous, possibly coupled, Dra and Pat-1 activities of equal magnitude and opposite electrogenic stoichiometries. However, other studies of human DRA expression in Xenopus oocytes demonstrated modest hyperpolarization of V m during extracellular Cl Ϫ substitution, although the small Cl Ϫ -dependent changes in V m (10) were within the range reported by others for water-injected oocytes (46) . This study, and others on guinea pig Dra (38) (18, 24, 25) . The question of Dra electrogenicity has important consequences for our understanding of electrolyte transport in mammalian epithelia during health and disease. The prediction of responses and identification of appropriate targets for therapy during disturbances of electrolyte transport will be altered depending on whether or not Dra activity is directly linked to changes in V m . For example, in the intestine, the concurrent activity of electrogenic transporters such as Na ϩ or H ϩ -coupled solute transporters (e.g., Sglt1) would be predicted to upregulate the processes of NaCl (ϩ water) absorption and HCO 3 Ϫ secretion if Dra-mediated Cl Ϫ /HCO 3 Ϫ exchange is electrogenic. These important considerations prompted our evaluation of the effect of Dra activity on V m in the physiological setting of the native intestinal epithelium. The surface epithelium of murine cecum was chosen for study due to its expression of Dra at very high levels, its low abundance of Pat-1 transcripts, and the availability of knockout mouse models for both transporters to evaluate Dra's contribution to V m (1, 25, 45) . Recent studies verify high rates of Dra functional activity in the murine cecum, corresponding to the role of this organ in buffering short-chain fatty acid production during intense microbial digestion in the large intestine (39) . In this physiological context we also revisited the varied, previous reports of Dra-mediated Cl Ϫ -dependent changes in V m by expressing murine Dra and human DRA in the Xenopus oocyte system for electrophysiological analysis.
MATERIALS AND METHODS
Mice. Mice with gene-targeted disruption of the murine homologs of Slc26a3 (Dra, a kind gift from C. W. Schweinfest, Medical University of South Carolina) (31), Slc26a6 (Pat-1, a kind gift from M. Soleimani, University of Cincinnati,) (44) and Cftr (35) were used.
All comparisons were made with sex-and age-matched ( ϩ/ϩ ) siblings [wild type (WT)]. Dra/Cftr double-knockout mice were generated from male Dra( ϩ/Ϫ ), Cftr( Ϫ/Ϫ ) and female Dra( ϩ / Ϫ ), Cftr( ϩ / Ϫ ) breeder pairs. The mutant mice were identified using a PCR-based analysis of tail snip DNA, as previously described (12) . All mice were maintained ad libitum on standard laboratory chow (Formulab 5008 Rodent Chow; Ralston Purina) and tap water. The Dra KO and littermate mice were treated with 50% Pedialyte in the drinking water to avoid dehydration due to chronic diarrhea (43) . The Cftr KO, Dra/Cftr double KO, and littermate mice were treated with Colyte laxative in the drinking water to avoid intestinal obstruction (12) . All mice were housed singly in a temperature (22-26°C) and light (12:12-h light-dark cycle)-controlled room in the AAALAC-accredited animal facility at the Dalton Cardiovascular Research Center, University of Missouri. Intestinal tissues for experiments were obtained from mice 2-4 mo of age. Mice were fasted overnight prior to experimentation but were provided with water ad libitum. All experiments involving animals were approved by the University of Missouri Animal Care and Use Committee.
Transepithelial 36 Cl flux analysis. The method for transepithelial 36 Cl flux across murine intestine has been previously described (43) . Briefly, bisected halves of excised cecum from each mouse were stripped of external muscle layers before mounting on Ussing chambers (0.25 cm 2 surface area). Transepithelial short-circuit current (Isc, eq·cm Ϫ2 ·h Ϫ1 ) and conductance (Gt, mS/cm 2 ) were measured using an automatic voltage clamp (VCC-600, Physiologic Instruments, San Diego, CA). Mucosal and serosal sides of each section were independently bathed with Krebs bicarbonate Ringer solution (KBR) gassed with 95% O 2-5% CO2 (pH 7.4, 37°C). All ex vivo preparations were treated with indomethacin (1 M, bilateral) and tetrodotoxin (0.1 M, serosal) to minimize the effects of endogenous prostaglandins and neural tone, respectively (5, 43) . The mucosal bath contained 10 M amiloride to eliminate any contribution of epithelial Na channel (ENaC) activity to the I sc. Approximately 3 Ci of 36 C1 were added to the "source" bathing medium and, following a 30 min equilibration period, triplicate aliquots (200 l) were taken from the "sink" side at the beginning and end of the 30 min flux period. Samples were analyzed for 36 Cl Ϫ by liquid scintillation counting (Packard Instruments, Meriden, CT). The rate of radioisotope transfer was used to calculate unidirectional mucosal-to-serosal (JMϪS), serosal-to-mucosal (J S-M), and net fluxes (JNET ϭ JMϪS Ϫ JS-M) of Cl Ϫ . From individual mice, only paired cecal preparations with G t values differing by Ͻ15% were selected for calculation of mean values of JNET. For net fluxes, a positive value indicates net absorption (mucosal-toserosal) and a negative value indicates net secretion (serosal-tomucosal).
Intracellular pH measurement in intact mucosa. The method used for imaging epithelial cells in intact murine intestinal mucosa has been previously described (33) . Briefly, mid-cecal sections stripped of external muscle layers were mounted luminal side up in a horizontal Ussing-type perfusion chamber where luminal and serosal surfaces were independently bathed. The mucosa was incubated on the luminal side with 16 M of BCECF-AM for 10 min before superfusion of the luminal surface. The luminal superfusate contained (in mM) 55.0 NaCl, 55.0 Na isethionate, 25.0 NaHCO3, 5.0 Na TES, 2.4 K2HPO4, 0.4 KH 2PO4, 2.4 Ca gluconate, 2.4 Mg gluconate, 10.0 glucose, and 6.8 mannitol (pH 7.4, 37°C; gassed with 95% O 2-5% CO2). The serosal superfusate was identical except Cl Ϫ was replaced with isethionate Ϫ and contained 1 M EIPA to block the basolateral membrane Na ϩ /H ϩ exchanger isoform 1. pHi from 10 villous epithelial cells was measured by dual excitation at 440-and 495-nm wavelengths and imaged at 535-nm emission. The 495:440-nm ratios were converted to pHi using a standard curve generated by the K ϩ /nigericin technique (40) . Rates of apical membrane Cl Ϫ /HCO 3 Ϫ exchange are reported as ⌬pHi/⌬t during the first 90-s period during removal and readdition of Cl Ϫ in the luminal superfusate.
Intracellular microelectrodes.
Freshly excised ceca were thoroughly rinsed with ice-cold KBR, everted, and filled with ϳ0.25 ml of freshly gassed KBR (37°C) containing 5 mM TES, 1.0 M indomethacin, and 0.1 M TTX. The cecum was clamped near the cecocolic junction and incubated for 5 min with gentle agitation in KBR containing 100 M DL-dithiothreitol. After rinsing with fresh KBR, the cecal preparation was secured in an open, glass-bottomed chamber placing the greater curvature in profile, and superfused with KBR ϩ 5 mM TES containing 10 M amiloride at either room temperature or 37°C, as indicated.
The method for construction and use of microelectrodes in mammalian epithelium has been previously described (11) . Cellular impalements were performed perpendicular to the apical surface at ϳ0.5 cm proximal to the cecal apex under visual control using an Olympus IMT-2 inverted microscope and remote-controlled micromanipulator (Narishige MW-3). All impalements (ϳ5/cecum) were performed within 20 min using a conventional microelectrode backfilled with 500 M KCl and connected via an Ag-AgCl pelleted holder to a high-impedance amplifier (Duo 773, World Precision Instruments, Sarasota, FL). Signal was acquired using a Digidata 1332A A-D converter and pCLAMP 8.0 software (Molecular Devices, Sunnyvale, CA). Microelectrodes were constructed from borosilicate glass capillary tubes (WPI) and pulled on a horizontal puller (Narishige PD-5). The resistance of the microelectrodes immersed in KBR ϩ 5 M TES averaged 112 M⍀ (n ϭ 28). A 3 M agar bridge connected the bath to a calomel half-cell which served as ground for the microelectrodes. The apical membrane potential (V a) was indicated by an instantaneous shift in the microelectrode signal which stabilized to within Ϯ5 mV by 10 s. Impalements were accepted if sustained during substitution of bath Cl Ϫ with equimolar isethionate, and returned to within Ϯ2 mV upon retraction of the microelectrode in Cl Ϫ containing KBR. Sign convention was chosen so that Va is referenced to the bath (lumen side).
Solutions for Xenopus oocytes. ND-96 (pH 7.40) consisted of (in mM) 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, 5 HEPES, and 2.5 sodium pyruvate, and gentamycin 100 g/ml. ND-96 flux medium and other flux media lacked sodium pyruvate and gentamycin. pH values of 7.4 and 8.0 in room air flux media were achieved with 5 mM sodium HEPES. In Cl Ϫ -free solutions, 96 mM NaCl was replaced isosmotically with 96 mM sodium gluconate, sodium isethionate, or sodium cyclamate as indicated. The Cl Ϫ salts of K ϩ , Ca 2ϩ , and Mg 2ϩ were substituted with the corresponding equimolar gluconate salts. HEPESfree CO2/HCO 3 Ϫ -buffered solutions of pH 7.4 were saturated with 5% CO2-95% air at room temperature for ϳ1 h, and substituted 24 mM NaHCO3 in place of 24 mM NaCl or Na gluconate or isethionate. 36 Cl Ϫ efflux studies were as described by Chernova et al. (10) . Individual oocytes in Cl Ϫ -free ND-96 were injected with 50 nl of 130 mM Na 36 Cl (10,000 -12,000 cpm). Following a 5-10 min recovery period, the efflux assay was initiated by transfer of individual oocytes to 6 ml borosilicate glass tubes, each containing 1 ml efflux solution. At intervals of 3 min, 0.95 ml of this efflux solution was removed for scintillation counting and replaced with an equal volume of fresh efflux solution. Following completion of the assay with a final efflux period in the absence of bath chloride (substituted by Na isethionate and by gluconate salts of K, Ca, and Mg), each oocyte was lysed in 100 l of 2% sodium dodecyl sulfate (SDS). Samples were counted for 3-5 min such that the magnitude of 2SD was Ͻ5% of the sample mean.
Experimental data were plotted as ln(% cpm remaining in the oocyte) vs. time. 36 Cl Ϫ efflux rate constants were measured from linear fits to data from the last three time points sampled for each experimental condition. Within each experiment, water-injected and DRA cRNA-injected oocytes from the same frog were subjected to parallel measurements. Each experimental condition was tested in oocytes from at least two frogs.
Measurement of oocyte pH i. Oocyte pHi was measured using pH microelectrodes during bath superfusion as described previously (36) . The pH microelectrodes were pulled on a Kopf Model 730 vertical puller (Tujunga, CA) and had resistances of 2-3 M⍀. The electrodes were calibrated at pH 6.0, 7.0, and 8.0, and exhibited slopes of at least 55 mV/pH unit. Proton-equivalent flux (J Hϩ in units of mM/min) was calculated as ⌬pH i/⌬t ϫ ␤T, where total buffer capacity (␤T) ϭ ␤i ϩ ␤ CO2. ␤i is intrinsic buffer capacity of the oocyte, 20 mM/pH unit (37) . The HCO 3 Ϫ /CO2-related component of the buffer capacity, ␤ CO2 ϭ 2.3 ϫ [HCO 3 Ϫ ]i. Two-electrode voltage clamp measurement of oocyte current. Microelectrodes from borosilicate glass made with a Narishige puller were filled with 3 M KCl and had resistances of 2-3 M⍀. Oocytes were placed in a 1 ml chamber (model RC-11, Warner Instruments, Hamden CT) on the stage of a dissecting microscope and impaled with microelectrodes under direct view. Steady-state currents achieved within 2-5 min following bath change or drug addition were measured with a Geneclamp 500 amplifier (Axon Instruments, Burlingame, CA) interfaced to a Dell computer with a Digidata 1322A interface (Axon). Data acquisition and analysis utilized pCLAMP 8.0 software (Axon). The voltage pulse protocol generated with the Clampex subroutine consisted of 20 mV steps (of 738 ms duration) from Ϫ100 mV to ϩ40 mV or ϭ 80 mV, starting from a holding potential of Ϫ30 mV. Bath resistance was minimized by the use of agar bridges filled with 3 M KCl, and a virtual ground circuit clamped bath potential to zero.
Standard recording bath solution (ND-93) was (in mM) 93.5 NaCl, 2 KCl, 5 HEPES, and 2.8 MgCl 2, with pH 7.40. Occasional experiments as noted used ND-96. 5% CO 2-equilibrated solutions contained 72 mM NaCl and 24 mM NaHCO 3 Ϫ without HEPES. In anion substitution experiments, 93.5 or 96 mM NaCl was replaced with 93.5 or 96 mM Na gluconate, Na isethionate, Na cyclamate, or with 62 or 64 mM Na 2SO4 as indicated. In experiments with mouse ENaC coexpression, 93.5 mM NaCl was replaced with equimolar N-methyl-D-glucamine (NMDG) chloride.
In some experiments, current was recorded continuously while oocyte membrane potential was held at the clamp potentials of either Ϫ30 mV or Ϫ90 mV for up to 10 min or longer, during which time bath solutions were changed from ND-93 to sodium isethionate to ND-93.
Materials. The fluorescent dye BCECF acetoxymethyl ester was obtained from Invitrogen (Carlsbad, CA). Tetrodotoxin was obtained from Biomol International L.P. (Plymouth Meeting, PA). Na 36 Cl and 35 S-sulfate and were purchased from ICN (Irvine, CA). 2,2=-Diisothiocyanato-4,4=-stilbenedisulfonate (DIDS) was from Calbiochem (San Diego, CA). Niflumic acid was from Sigma-Aldrich (St. Louis, MO). All other materials were of analytical grade and obtained from either Sigma-Aldrich or Fisher Scientific (Springfield, NJ). Mouse Slc26a3/Dra cDNA in pcDNA3 was the kind gift of James Melvin (University of Rochester). Human SLC26A3/DRA cDNA in pBF was as described (10) . Mouse ENaC ␣, ␤, ␥ subunit cDNAs in pBluescript SK-(6) were kind gifts of Tom Kleyman (University of Pittsburgh). The pH-insensitive rat ROMK1 mutant K80M (15) was the kind gift of Paul Welling (University of Maryland).
Statistics. All values are reported as means Ϯ SE. Data between two treatment groups were compared using a two-tailed unpaired Student t-test assuming equal variances between groups. Paired t-test was used to compare isotopic efflux into different bath solutions from individual oocytes. Data from multiple treatment groups were compared using a one-way analysis of variance with a post hoc Tukey's t-test. A probability value of P Ͻ 0.05 was considered statistically significant. (32) . Murine cecal mucosa expresses Dra at high levels but Pat-1 transcripts in low abundance (1, 44) . Using transepithelial 36 Cl Ϫ isotopic fluxes, activity of Dra-mediated Cl Ϫ /HCO 3 Ϫ exchange in murine cecum was investigated. As shown in Fig. 1A , WT cecal mucosa shows robust net Cl Ϫ absorption under basal conditions whereas Cl Ϫ absorption is essentially absent in the Dra KO cecum. As observed in 36 Cl Ϫ flux studies of murine small intestine (43), the I sc in the Dra KO cecum was slightly but significantly increased as compared with WT (Fig.  1B) . However, the increase of ϳ1 eq·cm Ϫ2 ·h Ϫ1 did not match the ϳ10 eq·cm Ϫ2 ·h Ϫ1 predicted from measured net Cl Ϫ absorption for an exchange stoichiometry of 2Cl
RESULTS

Absence of Dra abolishes cecal Cl
Moreover, the elevated I sc was not likely associated with increased expression of Pat-1 or Cftr, since mRNA transcript levels of these transporters are unchanged in the Dra KO mouse intestine (43) . To evaluate Cl Ϫ /HCO 3 Ϫ exchange at the apical membrane of the surface epithelium, BCECF microspectrofluorimetry measured the rate of change in pH i during luminal Cl Ϫ removal. As shown in Fig. 1C , Cl Ϫ -dependent ⌬pH i /⌬t showed strong alkalinization in WT which was absent in the Dra KO cecal surface epithelium under basal conditions. Similar to findings in duodenal villous epithelium of the Dra KO, the basal pH i in the Dra KO was significantly alkaline relative to WT surface epithelium (Fig. 1D) .
Absence . Therefore, chloride-dependent changes in V a were investigated during sustained impalements of the surface epithelium using conventional microelectrodes. As shown by the experiment on WT cecal surface epithelium in Fig. 2A, intracellular 
Ϫ [WT V a ϭ Ϫ20.4 Ϯ 3.0 vs. Dra KO V a ϭ Ϫ23.7 Ϯ 3.2 mV, n ϭ 3; not significant (NS)] or in the magnitude of the Cl Ϫ -dependent ⌬V a (WT ⌬V a ϭ 5.4 Ϯ 1.5 vs. Dra KO V a ϭ 4.8 Ϯ 0.7 mV, NS; not shown). Interestingly, basal V a in the Dra KO epithelium at 37°C was slightly hyperpolarized relative to WT (Fig. 2B) . However, Cl Ϫ -dependent ⌬V a did not differ between WT and Dra KO cecum. The observed hyperpolarization of basal V a (37°C) in the absence of Dra is the opposite of the depolarization predicted by loss of a 2Cl Ϫ /1HCO 3 Ϫ exchange process, and the lack of difference in Cl Ϫ -dependent ⌬V a between WT and Dra KO cecum is consistent with electroneutral Cl Ϫ /HCO 3 Ϫ exchange. To determine whether the increased basal V a in the Dra KO at 37°C resulted from unmasking electrogenic activity of Pat-1 in the absence of Ϫ exchange with minimal change in short-circuit current (Isc). A: net 36 Cl Ϫ flux across the cecal mucosa from wild-type (WT) and Dra knockout (KO) mice (n ϭ 3 pairs). B: Isc measured during 36 Cl Ϫ flux measurements of cecal mucosa from WT and Dra KO mice. C: Cl Ϫ /HCO 3 Ϫ exchange rates measured as change in intracellular pH per minute (⌬pHi/min) during removal of apical (luminal) Cl Ϫ in surface epithelium of cecal mucosa from WT and Dra KO mice (n ϭ 4). D: pHi measured in balanced Krebs bicarbonate Ringer (KBR) solutions (n ϭ 4). Values are means Ϯ SE. *Significantly different from WT littermates. Dra, microelectrode analysis was performed on Pat-1 KO cecal mucosa. However, as shown in Fig. 2C , no significant differences were found between WT and Pat-1 KO cecal epithelium in either basal V a or in Cl Ϫ -dependent ⌬V a . Cl Ϫ -dependent regulation of cecal V a requires expression of Cftr. Since both WT and Dra KO cecal surface epithelium depolarized during luminal Cl Ϫ removal, we investigated whether Cl Ϫ -dependent depolarization of V a resulted from Cftr-mediated Cl Ϫ efflux during the imposed cell-to-lumen Cl Ϫ gradient. As shown by the experiment using Cftr KO cecum in Fig. 3A , removal of luminal Cl Ϫ during sustained impalement of the surface epithelium hyperpolarized V a , an effect opposite that observed in WT or Dra KO tissues. The observed hyperpolarization was not associated with changes in Dra or Pat-1 expression, since previous studies have shown that mRNA transcript levels of these transporters are unchanged in Cftr KO intestine (33) . The cumulative data from these experiments (Fig. 3B) showed that V a hyperpolarized by ϳϪ10 mV as compared with ϳϩ3 mV depolarization in WT cecum, indicating that depolarization of V a is Cftr-dependent during luminal Cl Ϫ substitution. In the absence of Cftr, the observed V a hyperpolarization is contrary to the depolarization predicted for 2Cl Ϫ /1HCO 3 Ϫ exchange activity by Dra. Luminal Cl Ϫ removal alkalinizes pH i in a Dra-dependent process (Fig. 1C) . Since previous studies have shown that alkalinization of pH i in the surface epithelium of rabbit colon activates membrane K ϩ conductances (14) , V a was recorded in Cftr KO cecum exposed to 80 mM extracellular K ϩ before and during luminal Cl Ϫ removal. As shown in Fig. 3B , depolarization by increased extracellular K ϩ prevented hyperpolarization in the Cftr KO cecal surface epithelium. To determine whether V a hyperpolarization in Cftr KO cecum during luminal Cl Ϫ removal was Dra-dependent, similar studies were performed in Cftr/Dra double KO cecum. As shown by the cumulative data in Fig. 3B , luminal Cl Ϫ removal during superfusion of the Cftr/Dra double KO cecum in KBR did not change V a . These findings indicate that induction of Dra-mediated Cl Ϫ OUT / HCO 3 Ϫ IN exchange hyperpolarizes V a , possibly a result of cell alkalinization activating a K ϩ conductance, and that this effect is dissipated by the presence of Cftr. Since basal V a was not hyperpolarized in the Cftr/Dra double KO epithelium (Cftr/Dra KO V a ϭ Ϫ9.7 Ϯ 1.5 mV, n ϭ 4 -6), the findings also raise the possibility that the small inward I sc detected in the Dra KO small and large intestine is secondary to increased Cftr-dependent Cl Ϫ secretion resulting from the activation of hyperpolarizing membrane K ϩ conductances by an alkaline pH i in the enterocytes. Alternatively, the small inward I sc (anion secretion or cation absorption) is normally suppressed by Dra expression.
Dra-mediated exchange of intracellular Cl Ϫ for extracellular HCO 3 Ϫ in Xenopus oocytes is accompanied by slow hyperpolarization. Resting membrane potential (V m ) for Draexpressing Xenopus oocytes was Ϫ50 Ϯ 2.9 mV (n ϭ 6), as compared with Ϫ40 Ϯ 3.3 mV in oocytes previously injected with water (Fig. 4, A and B, n ϭ 4) . This small hyperpolarized V m itself is compatible with basal activity of Dra-mediated electrogenic 2Cl Ϫ /1HCO 3 Ϫ exchange. However, the stoichiometry of 2Cl Ϫ /1HCO 3 Ϫ predicts that initiation of Cl Ϫ /HCO 3 Ϫ exchange by extracellular Cl Ϫ removal should be accompanied by rapid depolarization. As shown in Fig. 4B in Xenopus oocytes expressing Dra, initiation of peak Cl Ϫ /HCO 3 Ϫ exchange rates by bath Cl Ϫ removal (J Hϩ ϭ 1.04 Ϯ 0.23 mM/min, n ϭ 6) is accompanied instead by a slow hyperpolarization (peaking at Ϫ11.7 Ϯ 1.9 mV after 10 min in Cl Ϫ -free bath, n ϭ 6) that parallels increasing intracellular alkalinization. These patterns reflect those previously reported for human DRA (10 Fig. S1 ; Supplemental Material for this article is available online at the Journal website). In contrast, similar oocytes in room air exhibited robust bath Cl Ϫ -dependent 36 Cl Ϫ efflux activity (Supplemental Fig. S1 ), accompanied by 36 Cl Ϫ influx activity of 8.13 Ϯ 1.1 nmol·oocyte Ϫ1 ·h Ϫ1 (n ϭ 8, not shown). This rate of influx predicts, for an exchange stoichiometry of 2Cl (Fig. 4B ) predicts at Ϫ62 mV a steady-state inward current of 471-750 nA, assuming oocyte Cl Ϫ space between 285 nl (32) and 450 nl (7) . But Dra-expressing oocytes reveal no detectable Cl Ϫ /HCO 3 Ϫ exchange current at inside negative potentials (Fig. 5D) .
Dra-mediated Cl
Ϫ
/HCO 3 Ϫ exchange is accompanied by the delayed onset of modest outward current in Xenopus oocytes.
The steady-state currents of Fig. 5 might in principle reflect the sum of a rapidly activated inward exchange current and a slowly activated compensatory outward current mediated by a native conductance of the oocyte. We therefore recorded timedependent currents during bath Cl Ϫ removal and restoration at two clamped holding potentials of Ϫ30 and Ϫ90 mV (Fig. 6) . The exchange stoichiometry of 2Cl Ϫ /1HCO 3 Ϫ predicts that initiation of Dra-mediated Cl Ϫ /HCO 3 Ϫ exchange by bath Cl Ϫ removal should be accompanied by rapid onset inward current. In contrast, exchange was accompanied by small voltagedependent outward currents with onset evident only 40 -60 s after initiation of anion exchange. Peak Dra-associated Cl Ϫ removal-dependent outward current was ϳ5 nA at Ϫ30 mV and ϳ20 nA at Ϫ90 mV. Upon bath Cl Ϫ restoration, the outward current decreased very slowly, in contrast to the rapid reversal of Cl Ϫ /HCO 3 Ϫ exchange and accompanying intracellular acidification (Fig. 4B) . Thus, monitoring of time-dependent current does not support the hypothesis that Dra-mediated, rapid-onset inward current is masked at steady state by an endogenous outward current of equal magnitude.
Dra-mediated 36 Cl Ϫ efflux is voltage-insensitive in oocytes coexpressing ENaC or ROMK. To provide another index of voltage-dependence of Dra, we coexpressed Dra in Xenopus oocytes (Fig. 7A) with (black trace) or without (gray trace) the mouse ␣␤␥ENaC epithelial Na ϩ channel. In these oocytes, bath Na ϩ replacement with NMDG reversibly hyperpolarized V m from ϩ8 Ϯ 3 mV to Ϫ78 Ϯ 3 mV within 2 min (n ϭ 4), and to Ϫ137 Ϯ 3 mV within 15 min (n ϭ 3). Similar hyperpolarization was noted in oocytes expressing ENaC alone (n ϭ 5, not shown), but not in oocytes expressing Dra alone (gray trace and Fig. 4B ). Figure 7B shows that the rate of mDRA-mediated 36 Cl Ϫ efflux from ENaC-expressing oocytes was insensitive to this substantial hyperpolarization, but remained sensitive to inhibition by the Dra inhibitor, niflumate (10) . We also coexpressed mDRA with the pH i -insensitive K80M mutant of rat ROMK1, under conditions in which bath Na ϩ replacement with K ϩ depolarized oocytes from Ϫ55 ϩ 10 mV to Ϫ11 ϩ 1 mV (n ϭ 8). Upon such depolarization by high bath K ϩ , the rate of Dra-mediated 36 Cl Ϫ efflux was similarly insensitive to membrane potential (n ϭ 8, not shown).
The protocol examining the effect on Dra-mediated Cl S2A ). In contrast, the rate constant of sulfate efflux into bath Cl Ϫ , representing electrogenic sulfate/Cl Ϫ exchange, was strongly accelerated by the hyperpolarization associated with bath Na ϩ removal (Supplemental Fig. S2B ).
DISCUSSION
The present study supports the hypothesis that murine and human orthologs of Dra exhibit electroneutral Cl Ϫ /HCO 3 Ϫ exchange consistent with a symmetrical transport stoichiome- (Fig. 4) . Fourth, Dra-mediated 36 Cl Ϫ efflux from oocytes coexpressing either ENaC or pH i -insensitive ROMK channels was not affected by pronounced depolarization or hyperpolarization of V m induced by bath cation substitution.
Although the above combined data do not support a 2Cl Ϫ / 1HCO 3 Ϫ exchange stoichiometry for Dra, the expression of either endogenous or recombinant Dra is nonetheless associated with changes in cell membrane potential. Similar to Dra KO small intestine (43) , the Dra KO cecum under basal conditions exhibited slightly greater I sc and more hyperpolarized V a than did WT cecum. Moreover, in the absence of Cftr (i.e., Cftr KO cecum), induction of Cl -activated K ϩ channels (21) . If this relationship holds in mouse large intestine, the alkaline pH i of surface epithelium in Dra KO cecum (Fig. 1D) would increase basolateral K ϩ channel activity, resulting in increased V a and I sc under basal conditions. Induction of Dra-mediated HCO 3 Ϫ influx in the Cftr KO cecum would also be accompanied by V a hyperpolarization, since the epithelium Fig. 6 . Dra-mediated Cl Ϫ /HCO 3 Ϫ exchange triggered by bath Cl Ϫ removal under voltage clamp is not accompanied by inward current. Current measured in representative Xenopus oocytes expressing mSlc26a3/Dra while clamped at Ϫ30 mV (A) or at Ϫ90 mV (B) during sequential exposures to baths containing Cl Ϫ , isethionate substitute, and Cl Ϫ . C: summary of peak change in current elicited by bath substitution from Cl Ϫ to isethionate; summarized data from 5 oocytes previously injected with water, and from 9 oocytes expressing mSlc26a3/Dra, clamped at Ϫ30 mV or at Ϫ90 mV. Values are means Ϯ SE. (32) . That study demonstrated with Cl Ϫ -and H ϩ -sensing microelectrodes that murine Dra expressed in oocytes exhibits an exchange flux ratio of ϳ2Cl Ϫ :1HCO 3 Ϫ and, in the presence of nitrate or thiocyanate, also mediates uncoupled anion currents. However, all reported rates of Dra-mediated coupled exchange flux in oocyte expression systems are an order of magnitude or more slower than rates typically measured in mammalian tissue or in mammalian cell culture expression systems (18, 34, 42) and may thus be more susceptible to distortion by minor anion conductances. The different V m responses to bath Cl Ϫ substitution between the present and earlier oocyte expression studies also raise questions about possible differences in levels of heterologous protein overexpression, variability in levels of endogenous transporter activities, and other potentially relevant experimental conditions. In common to all studies, however, was evidence that Cl Ϫ /(OH Ϫ )HCO 3 Ϫ exchange activity in Dra-expressing oocytes does not closely correlate with changes in V m . In the present study, induction of Cl exchange. The apparent electroneutrality of Dra-mediated exchange was not due to equal and opposite coupling stoichiometry with Pat-1, as shown by similar responses in the Pat-1 KO cecal epithelium. Electroneutral anion exchange by Dra alone, rather than precisely additive coupling of Dra and Pat-1, is also consonant with known differences in the expression patterns of Dra and Pat-1 along the longitudinal axis of the intestine (1, 25, 45) and with the reciprocal Dra and Pat-1 expression patterns along the crypt-villus axis (16) . The small inward I sc under basal conditions in the Dra KO cecum did not correlate with changes in Cl Ϫ absorption. Rather, the inward I sc may reflect increased activity of basolateral K ϩ channels secondary to the higher resting pH i in Dra KO epithelium (14) . 3 Ϫ exchange and electrogenic activity in murine cecum and our in vitro expression system may not apply to other tissues where Cftr and Dra are coexpressed. Others' data supporting electrogenicity of Dra overexpressed in Xenopus oocytes and mammalian cells have been cited to explain the high concentration of HCO 3 Ϫ in the distal pancreatic duct (23) . However, recent mammalian cell studies suggest that high rates of HCO 3 Ϫ secretion in distal pancreatic duct may instead result from increased HCO 3 Ϫ permeability of Cftr and inhibition of Dra Cl Ϫ /HCO 3 Ϫ exchange through the activation of Cl Ϫ -sensing with-no-lysine kinases (e.g., Wnk1) (28) .
We conclude, in the context of endogenous expression levels and apical membrane potential of mouse cecum, that Dra/DRA activity exhibits high rates of electroneutral 1Cl Ϫ /1HCO 3 Ϫ exchange which may have indirect effects on electrogenic transporters, at least in part through regulation of [Cl Ϫ ] i and pH i . Thus, the participation of Dra-mediated Cl Ϫ /HCO 3 Ϫ exchange in coupled NaCl absorption and in uncoupled HCO 3 Ϫ secretion is consistent with the classical concept that these processes are electroneutral, and remain useful paradigms for predicting epithelial responses in health and disease.
